ABSTRACT A novel azimuth-pattern reconfigurable antenna based on a water grating reflector is proposed in this paper. A planar circular monopole antenna operating at 5.7-GHz band is designed with three sets of water grating reflectors mounted along the edge of the antenna with an angle-interval of 120 • . By choosing the states of loading and unloading water, each set of water grating is switched as a reflector. Radiation patterns of the antenna can be pointed to three specified directions with different angle intervals in the azimuth plane. Key structures of the water grating reflector that affect the radiation performance of the antenna have been investigated in this paper. Simulated and measured results show that the proposed approach is a potential candidate for beam-steering applications.
I. INTRODUCTION
Water can be regarded as a good dielectric with a high relative permittivity of about 78 at room temperature, attracting more and more attentions in recent years [1] - [8] . There are numbers of excellent properties in designing radio-frequency (RF) devices by using water: (a) low-cost and readily accessible; (b) environmental friendly and free of pollution; (c) easy to conform with various shapes; (d) volume tunable.
As a high permittivity material, pure water is often utilized in designing dielectric resonant antenna (DRA) [9] . But its high dielectric loss greatly restricts its practical application. Though a pattern-reconfigurable antenna by loading distilled water was proposed recently [10] , it requires a large volume of water. As a result, that kind of antenna system becomes bulky, heavy and hard to realize miniaturization. Particularly, it is too slow to load and unload the water by using micropump or other pressure controlling systems, which is unsuitable for high speed communication occasions.
In order to alleviate the abovementioned problems, a new approach with water grating reflector is introduced in this work for the first time to realize an azimuth-pattern reconfigurable antenna. It is known that solid dielectric gratings are often used to configure dielectric mirror or reflector integrated in optics and millimeter wave antenna systems, and the working principle has already detailed in [11] . In general, there are many kinds of dielectric grating structures which can be used to design dielectric reflectors or mirrors according to the existing literatures [12] , [13] . As can be seen in Figure 1 , linear-shape and arc-shape structures are two optional layouts in configuring the water grating. In this paper, an arc-shape water grating is preferred to demonstrate the feasibility of the proposed method as it is easy to conform with the radiator. It is expected to apply smaller volume of water to realize the pattern reconfigurable. Furthermore, the complete antenna system is able to achieve lighter weight and faster radiationpattern-switching.
II. DESIGN OF ARC-SHAPE WATER GRATING REFLECTOR
The proposed arc-shape water grating reflector is made up of two kinds of materials: pure water and photopolymer resin. Photopolymer resin constitutes of a cylindrical hollow dielectric grating, which is printed by using a 3D printer. The photopolymer resin, acting as the printing material, is tasteless and non-toxic, which is suitable for bio-medical engineering and industrial applications. The dielectric permittivity of the photopolymer resin is about 3. Figure 2 shows the practical configuration of the arc-shape water grating reflector. It mainly consists of four parts, i.e., cylindrical hollow dielectric grating, pure water, arc-shape hollow pedestal and pressure controlling system. The cylindrical hollow dielectric grating consists of multiple hollow cylindrical pipes, which are arranged with an angle-interval of phi. Here, phi is defined as the period of water grating. Each hollow cylindrical pipe with a fixed wall-thickness of T 1 = 0.3 mm should be thin enough compared with a wavelength to eliminate its effects on the antenna's radiation performance.
In order to simultaneously pump in and pump out water from the pressure controlling system to the cylindrical hollow pipes, an arc-shape hollow pedestal is designed to bridge all the pipes together. At the bottom of pedestal, an inlet and an outlet are installed at the two ends of the arc, which are connected to two small syringes from the pressure controller during the system operation. The arc-type hollow pedestal has a fixed wall-thickness of T 2 = 0.3 mm and transverse dimensions of L 1 × W 1 = 4 × 4 mm 2 . Note that the pressure controlling system is not included in the figure for simplicity. 
III. DESIGN OF AZIMUTH-PATTERN RECONFIGURABLE ANTENNA
A planar circular monopole antenna is developed in this work, which the pre-designed water grating reflector is easily conformal to. The configuration of the proposed planar circular monopole antenna can be viewed in Fig. 3(a) . The material of the radiator is copper (yellow color) while the dielectric substrate (white color) used in this study is FR-4 substrate with thickness of 1.6 mm, relative dielectric constant of 4.5 and loss tangent of 0.019. The antenna dimensions are listed as follows: L = 60 mm, r = 14 mm, W f = 3 mm, L f = 26.2 mm. Figure 3 also shows the configuration of the proposed pattern-reconfigurable antenna system. Note that there is only VOLUME 6, 2018 one set of water grating reflector is given for simplicity. The arc-shaped water-grating reflector is mounted on the top side of the substrate. The distance between the center of the circular radiator and the arc-shaped pedestal is G. The numbers of water grating pipes can be changed according to the actual requirements. Here, the number of water grating pipes is set to 7. In order to make the inlet and outlet passed through the FR-4 substrate directly, two holes with radius of 2 mm are drilled on the ground and substrate.
IV. OPERATING MECHANISM OF WATER GRATING REFLECTOR
In order to elaborate the operating mechanism of the water grating reflector, the initial performance of the proposed circular monopole antenna (without the water grating reflector) is under investigation in a full-wave simulation environment first. The CST Microwave Studio software is employed here for the numerical analysis. Figure 4 (a) presents the simulated reflection coefficient of the proposed antenna. The impedance bandwidth with |S 11 | ≤ −10 dB is about 100 MHz from 5.66 GHz to 5.76 GHz. Figure 4 (b) and (c) shows the simulated radiation patterns in the azimuth plane (xoy-plane) and 3D radiation patterns, respectively. As seen from the two figures, one can observe that the circular monopole antenna has a multi-beam radiation performance in the azimuth plane. These beams points to different directions and the maximum far-field gain in the azimuth plane is about 0.2 dBi. In other words, the proposed circular monopole antenna alone does not own a directional radiation property. These initial results are used as a performance benchmark, which will be compared to the one with the water grating reflector in the following analysis.
Water exhibits dispersive property by nature and its electromagnetic absorption characteristic is particularly serious at high frequencies. In this paper, the work mainly focuses on the reflectance of the water grating. In order to offer an insightful understanding for designing a water grating reflector in a practical occasion, critical parameters are investigated via parametric study, i.e., the inner radius of the cylindrical hollow pipes R, the period of the water grating phi, the height of the water grating H , and the distance between the center of the circular radiator and the arc-shaped pedestal G.
In the following sub-sections, parametric study will only focuses on one set of water grating reflector loaded with water for simplicity, same as the model shown in Figure 3 . The dielectric constant and the loss tangent of pure water are chosen to be 78 and 0.06 in the simulation, respectively. Besides, all the tests are conducted at the room temperature.
A. EFFECTS OF TUNING THE PARAMETER G
Figure 5(a) shows the simulated reflection coefficients of the proposed antenna when tuning parameterG from 15 mm to 21 mm with a step increment of 3 mm. When G increases, one can observe that the resonant frequency goes higher. It can be understood that loading a water grating reflector close to the monopole antenna can be considered as adding a capacitance in the resonant circuit. Therefore, the quantity of capacitance controlled by G would affect the resonant frequency. Figure 5 (b) presents the far-field gain patterns in the xoy-plane by varying G, from which it can be seen that the proposed circular monopole antenna with water grating reflector exhibits a directional radiation performance. The 3-dB gain beam-width is about 70 • while the far-field peak-gain is increasing from 2.6 dBi to 4.1 dBi with the increase of G. Compared with the initial gain pattern shown in Figure 4 , the water grating shows good reflection characteristics. It can be explained that when the water grating reflector is located at a suitable position, most of the power radiated from the antenna would be reflected and focus on the front of the water grating [12] . Figure 6 (a) shows the simulated reflection coefficients of the proposed antenna when tuning parameter H from 0 mm to 20 mm. Note that the height of water-grating reflector (H ) and the height of water in the pipes are varied simultaneously during the simulation of parametric study. As can be seen, the height of water grating reflector only affects the resonance depth, i.e., impedance matching, while the center resonant frequency is almost kept unchanged at about 5.7 GHz. Figure 6(b) plots the far-field gain patterns in the xoy-plane with different H . Especially, a result of H =20 mm without water loading, meaning the transparency of the hollow pipe made of resin, the radiation pattern of the antenna is approximately omnidirectional, which is similar to the one in Figure 4(b) . It is clear shown that increasing H from 10 mm to 20 mm (with a step increment of 5 mm) can allow the approximately omnidirectional radiation pattern to be directional. Hence, the gain increases with the increasing of H at the same time. Figure 7 (a) shows the simulated reflection coefficients of the proposed antenna when tuning parameter R from 1 mm to 2 mm. It can be seen that, as long as the radius of water grating pipe is much smaller than a wavelength, it has little effect on the resonant frequency. Figure 7(b) presents the far-field VOLUME 6, 2018 gain patterns in the xoy-plane with various R, it can be seen from which that increasing R can slightly enhance the gain due to the increase of the radiation aperture. Furthermore, the backward radiation is also reduced by increasing R. Figure 8(a) shows the simulated reflection coefficients of the proposed antenna when tuning parameter phi from 12 • to 18 • . As can be seen, the period of water grating has little effect on the resonant frequency. But the far-field gain patterns vs. phi shown in Figure 8 (b) reveal that decreasing phi can significantly improve the directionality.
B. EFFECTS OF TUNING THE PARAMETER H

C. EFFECTS OF TUNING THE PARAMETER R
D. EFFECTS OF TUNING THE PARAMETER PHI
V. FABRICATION AND MEASUREMENT
This section demonstrates the azimuth-pattern reconfigurable antenna system with three-beam switching capability. The simulated model and the prototype of the proposed antenna system are shown in Figure 9 and Figure 10 , respectively. The fabricated antenna is fed by a coaxial cable with an SMA connector connected to the 50 Ohms microstrip feed line (W f = 3 mm).
There are three sets of identical water grating reflectors marked with Set n (n = 1, 2, 3) in Figure 9 , which are symmetrically arranged with a rotational angle of 120 • . Each set of the water grating reflector has two switched states: ''On'' and ''Off''. ''On'' refers to the state that the water grating reflector is loaded with water and performs as a reflector; while the water grating reflector is unloaded with water, the state is defined as ''Off''. Therefore, three operation modes as tabulated in Table I will be investigated, where only reflector Set 1 , Set 2 and Set 3 are set to ''On'' state in Mode 1, Mode 2 and Mode 3, respectively. Figure 11 shows the comparison between the simulated (sim.) and measured (mea.) reflection coefficients of the three pattern-reconfigurable modes listed in Table I . Though the simulated results of the three modes are nearly identical due to the ideal simulation conditions, the measured results are a bit different from the simulated ones (shifting to lower frequencies). Reasons may be traced to a small volume of residual water existing inside the water grating reflectors during the measurement. Besides, the manually-operated syringe system and tolerances caused by manufacturing process will also result in certain unexpected influences. However, from Figure 11 , the measured impedance bandwidths are larger than the simulated ones. The typical impedance bandwidth (reflection coefficient less than −10 dB) is able to cover from 5.68 GHz to 5.72 GHz.
The radiation patterns of the proposed azimuth-pattern reconfigurable antenna have been measured in an anechoic chamber. Figure 12 depicts the simulated and measured far-filed gain patterns in the azimuth plane for Mode 1, Mode 2 and Mode 3, respectively.
It's obvious that the proposed antenna can generate three directional patterns in terms of three different maximum radiation directions. In the case of Mode 1, the simulated and measured maximum radiation direction is orienting to around 300 • with a similar peak gain of about 4.5 dBi. In Mode 2, both the simulated and measured maximum radiation directions are orienting to 180 • with a similar peak gain of about 4.1 dBi. In the case of Mode 3, the simulated and measured maximum radiation direction is orienting to around 60 • with a similar peak gain of 4.5 dBi. Performance comparisons between simulated and measured results show that the proposed water grating reflectors have the ability to concentrate energy in specific directions with increasing the gain.
VI. FUTURE WORK AND CONSIDERATIONS
The presented prototype was designed and fabricated as a proof-of-concept demonstrator. The size of the system can be further reduced by using a more compact antenna and a micro-pump instead of manually-operated syringes. In the future research, microfluidics technology could be used to achieve even further miniaturization.
The presented pattern-reconfigurable antenna is suitable for communication applications that can tolerate slower tuning. It is also suitable for high power occasions, as the tuning method does not constrain the power handling capability of the antenna, unlike the tuning methods utilizing circuit elements.
As abovementioned, water exhibits dispersive property and energy absorption characteristic. Furthermore, it is also a temperature sensitive material. These features affect its actual applications but does not take into account currently. More practical conditions will be considered in the future research.
VII. CONCLUSION
A novel azimuth-pattern reconfigurable circular monopole antenna based on water grating reflector, consisting of water and low loss resin material, has been presented. The main parameters of water grating reflector affecting the radiation performance of the antenna have been investigated by parametric study. Simulated and measured results show that the water grating reflector has the ability to concentrate energy in specific directions, which also indicates that the proposed method can be a potential candidate for beam-steering applications in the future. TAO YUAN received the bachelor's and master's degrees from Xidian University, China, and the Ph.D. degree from the National University of Singapore, Singapore. He is currently a Professor with the College of Information Science, Shenzhen University. His current research interests focus on developing novel RF modules and antennas for mobile terminal and 5G applications. VOLUME 6, 2018 
